Abstract We discovered a nuclear receptor element in the FAS promoter consisting of an inverted repeat spaced by one nucleotide (IR-1) and located 21 bases downstream of a direct repeat sequenced by 4 nucleotides (DR-4) oxysterol liver X receptor response element. An IR-1 is present in promoters of several genes of bile acid and lipid homeostasis and binds farnesoid X receptor/retinoid X receptor (FXR/ RXR) heterodimers to mediate bile acid-dependent transcription. We show that FXR/RXRa specifically binds to the FAS IR-1 and that the FAS promoter is activated z10-fold by the addition of a synthetic FXR agonist in transient transfection assays. We also demonstrate that endogenous FXR binds directly to the murine FAS promoter in the hepatic genome using a tissue-based chromatin immunoprecipitation procedure. Furthermore, we show that feeding wild-type mice a chow diet supplemented with the natural FXR agonist chenodeoxycholic acid results in a significant induction of FAS mRNA expression. Thus, we have identified a novel IR-1 in the FAS promoter and demonstrate that it mediates FXR/bile acid regulation of the FAS gene. These findings provide the first evidence for direct regulation of lipogenesis by bile acids and also provide a mechanistic rationale for previously unexplained observations regarding bile acid control of FAS expression.-Matsukuma,
In the intestine, bile acids serve to emulsify lipids from the diet, thereby facilitating efficient absorption of fatty acids, sterols, and fat-soluble vitamins. However, increased bile acid levels are cytotoxic (1, 2) , so their levels must be tightly regulated. One of the key transcription factors responsible for the regulation of bile acid homeostasis is the nuclear receptor farnesoid X receptor (FXR) (3) . Physiologic concentrations of select bile acids, such as chenodeoxycholic acid (CDCA) and cholic acid, are endogenous agonists for FXR (4) (5) (6) . Activation of the FXR/retinoid X receptor (RXR) heterodimer by bile acids stimulates the synthesis of bile acid-regulatory proteins, including I-BABP (7), BSEP (8) , and OATP1B3 (9) , that modulate the flux of bile acids in the liver and intestine. Additionally, indirect regulation of the bile acid biosynthetic enzymes cytochrome P (CYP)7A1 and CYP8B1 is accomplished through FXR induction of the negative acting small heterodimer partner (SHP) protein in the liver, which binds to and represses the positive acting liver receptor homologue (LRH)-1 nuclear receptor in the promoters for these genes (10) (11) (12) . Another twist in the mechanism for bile acid-dependent repression of CYP7A1 was recently identified that involves the activation of FGF15 expression in the small intestine by bile acids and FGFR4 expression in the liver (13) . Here, intestinal FGF15 is proposed to act through ligand-dependent stimulation of FGFR4 signaling in the liver.
A second lipid-sensing nuclear receptor, liver X receptor (LXR), binds oxysterols and plays a key role in cholesterol homeostasis (14) (15) (16) (17) (18) . As cholesterol is the direct precursor for bile acid biosynthesis, a complex interplay between the actions of LXR and FXR must exist to meet the metabolic needs of the organism. Serum cholesterol levels are in turn dependent on fatty acids as they are the organic substrate for cholesterol esterification, which is important for cholesterol storage. Thus, bile acids, cholesterol, and fatty acids are intimately tied to one another in the overall maintenance of lipid homeostasis.
Several studies have also established that bile acids and FXR play important roles in both triglyceride and glucose metabolism. The triglyceride-lowering effect of bile acids was first described .20 years ago when clinicians ob-served that bile acid therapy for the treatment of gallstone disease had the added effect of decreasing serum triglycerides (19) (20) (21) . More recently, FXR induction of its target gene SHP was shown to correlate with decreased expression of the master lipogenic regulator sterolregulatory element binding protein (SREBP)-1c (as well as many of its gene targets), thus providing at least a partial mechanistic explanation for the triglyceride-lowering effect of bile acids (22) . However, SHP modulation of SREBP-1c levels is unlikely to be the sole mechanism regulating the lipogenic response to bile acids because the repression of many of SREBP-1c's downstream targets (including FAS) is transient despite ongoing expression of SHP (22) .
Because FAS occupies a pivotal position for lipogenic flux, its activity is highly regulated. Significant regulation occurs at the transcriptional level, where major metabolic signals such as insulin and carbohydrates (23) (24) (25) (26) , thyroid hormone (27) , fatty acids (28) , and sterols (29) have all been shown to influence gene transcription. The promoter for the FAS gene contains a complex nuclear receptor response region at z2700. This region contains a classic direct repeat sequenced by 4 nucleotides (DR-4) nuclear receptor site that mediates the FAS response to thyroid hormone as well as LXR activators (27, 30) . In this study, we report the identification of an inverted repeat spaced by one nucleotide (IR-1) located 21 bases downstream of the FAS DR-4 and demonstrate that it mediates bile acid regulation of the FAS gene. We thus establish FAS as an FXR target gene and provide the first example of the direct regulation of lipogenesis by bile acids.
MATERIALS AND METHODS

Cell culture
HEK293T cells were obtained from the American Type Culture Collection, cultured in Dulbecco's Minimum Essential Medium (Irvine Scientific) containing penicillin/streptomycin (100 mg/ml), L-glutamine (10 mM), nonessential amino acids, (100 mM), 5 mM HEPES, pH 7.2, and 10% fetal bovine serum, and maintained at 378C and 5% CO 2 . One day before transfection, cells were plated at a density of 3.5 3 10 5 cells/well on a six-well plate in 3 ml of normal culture medium.
Transient DNA transfections
Twelve to 24 h after plating, cells were transfected by the standard calcium phosphate method as described (31) . Cytomegalovirus X promoter (CMX)-rat FXRa (30 ng), CMX-human RXRa (100 ng), luciferase reporter (4 mg), CMV-b-galactosidase (2 mg), and salmon sperm DNA (to a final mass of 12 mg) were transfected per well as noted in the figure legends. Six to 8 h after transfection, cells were rinsed two times with sterile PBS. Medium was replaced with Defined Serum-Free Medium [Dulbecco's Minimum Essential Medium, 100 mg/ml penicillin/streptomycin, 2 mM L-glutamine, 100 mM nonessential amino acids, 5 mM HEPES, pH 7.2, insulin/transferrin/selenite (5 mg/ml; 5 mg/ml; 5 ng/ml; Sigma), 4% BSA (A-3803; Sigma), and 0.1 mg/ml 25-hydroxycholesterol] plus either DMSO (0.1%) as a vehicle control or the synthetic FXR agonist GW4064 (final concentration of 1 mM). (25-Hydroxycholesterol was added to suppress endogenous SREBP expression and thus minimize basal transcriptional activity.) Cells were allowed to incubate at 378C and 5% CO 2 for an additional 16-20 h before harvesting. For each experiment, duplicate wells were plated for each condition. Transfection experiments were performed at least twice with similar results.
Plasmids
The FAS 2700/165 pGL2 luciferase reporter construct was subcloned by PCR from the rat FAS 21594/165 pGL2 described previously (29) . All mutant reporter constructs were generated using the Quikchange site-directed mutagenesis kit (Stratagene). The remaining reporter constructs were generated by PCR amplification and subcloning. pSynTATALuc is a reporter vector containing the minimal promoter region of the hamster HMGCoA synthase promoter (228/139) and has been described previously (32) . The mouse SREBP-1c (2937/129) promoter reporter (33), the rat sterol 12-a hydroxylase promoter reporter (34) , and the rat acetyl-CoA carboxylase promoter reporter were described previously (35) . The following expression vectors were generously provided by other laboratories: CMX-human thyroid receptor (TR)b (Barry Forman, City of Hope), CMXhuman RXRa (Ron Evans, Salk Institute), CMX-rat FXR (Bruce Blumberg, University of California, Irvine), and CMX-mouse LRH-1 (David Mangelsdorf, University of Texas Southwestern).
Enzyme assays
At the time of harvest, cells were rinsed once with PBS and then lysed in a reporter lysis buffer (25 mM Gly-Gly, 15 mM MgSO 4 , 4 mM EGTA, and 0.25% Triton). Luciferase activity of the lysates was measured in an Analytical Luminescence Monolight 2010 luminometer using 5-20 ml of cell extract plus 100 ml of luciferase assay reagent (Promega), with data expressed in relative light units (RLUs). b-Galactosidase activity was measured by a standard colorimetric assay at 420 nm absorbance using 10-20 ml of cell lysate and 2-nitrophenyl b-galactopyranoside as the substrate. Luciferase activity for each sample was divided by the b-galactosidase activity to yield normalized RLUs. Fold activation was determined by dividing the normalized RLUs for a given sample by the normalized RLUs for the control sample (no activators plus vehicle). Each transfection was performed at least twice with similar results.
Electrophoretic mobility shift assay
In vitro transcribed and translated TRb (human), LXRa (human), FXR (rat), and RXRa (human) proteins were generated using the T7 TnT Rabbit Reticulocyte Lysate (Promega). Five microliters of each translation was added to each binding mixture [containing 10 mM HEPES, pH 7.6, 50 mM NaCl, 2.5 mM MgCl 2 , 0.1 mg/ml poly dI:dC, 0.05% Nonidet P-40 (v/v), and 10% glycerol] in a final volume of 20 ml. A double-stranded oligonucleotide DNA probe containing the wild-type sequence of IR-1 was 59 end-labeled using T 4 polynucleotide kinase (USB) and added to the binding mixtures at 1 ng per reaction. Binding mixtures were incubated at 48C for 1-2 h. Samples were then run on 5% polyacrylamide:bis-acrylamide (19:1) gels at room temperature for 1.5 h, fixed in a solution of 10% methanol/10% acetic acid, and dried onto 3MM chromatography paper at 808C for 1 h. Dried gels were exposed to X-ray film at 2208C for 12-48 h.
Chromatin immunoprecipitation
B6/129 mice (6 week old males) were purchased from Taconic, allowed to adapt for 2 weeks to a 12 h light/12 h dark cycle, and euthanized at the end of the dark cycle (8 AM). Livers from four mice were placed in 40 ml of ice-cold PBS containing a cocktail of protease inhibitors (1 mg/ml leupeptin, 1.4 mg/ml pepstatin, and 2 mg/ml PMSF) plus 1 mM EDTA and 1 mM EGTA. The tissue was disrupted in a Tekmar Tissumizer at the lowest setting. Formaldehyde was added from a 37% stock (v/v) to a final concentration of 1%, and samples were rotated on a shaker for 6 min followed by the addition of glycine to a final concentration of 0.125 M. Samples were returned to the shaker for an additional 5 min, and then cells were collected by centrifugation (2,000 rpm in a Sorvall RC3B at 48C). The cell pellet was washed once with homogenization buffer A (10 mM HEPES, pH 7.6, 25 mM KCl, 1 mM EDTA, 1 mM EGTA, 2 M sucrose, 10% glycerol, and 0.15 mM spermine) plus protease inhibitors as described above. The final pellet was resuspended in buffer A and homogenized in a Dounce homogenizer with a B pestle to release nuclei. The solution was layered over buffer A and centrifuged in a Beckman ultracentrifuge (1 h at 26,000 rpm, 48C), and the nuclear pellet was resuspended in nuclei lysis buffer (1% SDS, 50 mM Tris, pH 7.6, and 10 mM EDTA). Nuclei were disrupted using an Ultrasonic model W-220F sonicator for 5 3 10 s to shear chromatin. Chromatin size was checked by agarose electrophoresis to ensure that the average size was between 200 and 500 bp. Aliquots were used in immunoprecipitation experiments with an antibody to FXR (Santa Cruz H130X) and processed as described (36) . Animal feeding studies C57/BL6 mice (8 week old males) were maintained in a 12 h light/12 h dark controlled environment with free access to water and standard laboratory rodent chow. At the start of the feeding experiment, each group of mice (n 5 4) was fed either chow or chow mixed with 0.25% CDCA (w/w) for 6 days. Animals were euthanized and tissues harvested 6 h into the dark cycle. Tissues were homogenized and extracted for RNA using Trizol reagent (Invitrogen). For each liver sample, 8 mg of total RNA was separated on a 1% formaldehyde gel and transferred to a charged nylon membrane. FAS, L32, and SHP mRNA levels were detected by Northern blotting using a-32 P-labeled DNA probes. Densitometry was performed using Bio-Rad Quantity One software. FAS expression was normalized to L32 expression, and fold activation by CDCA feeding was determined by setting the normalized FAS mRNA expression of the control fed animals to 1. The feeding study was performed twice with similar results.
RESULTS
We previously defined a DR-4 element in the rat FAS promoter as an LXR responsive site (30) . In the course of these studies, we discovered an additional nuclear receptor half-site located near the DR-4 that was also indirectly required for LXR signaling through binding the monomeric nuclear receptor LRH-1 (K. E. Matsukuma et al., unpublished data). A closer inspection of the sequence surrounding this additional half-site suggested that it comprised half of a potential IR-1 nuclear receptor element (Fig. 1A) . LXR/RXR heterodimers do not characteristi- 
To determine whether FXR/RXR heterodimers could bind this putative IR-1, we tested the binding of in vitro translated FXR and RXRa on a 32 P-labeled probe containing the sequence of the rat FAS IR-1 (Fig. 1B) . We also tested the binding of TRb and LXRa (data not shown) to the IR-1. Individually, none of the nuclear receptors (including FXR) bound the DNA probe. In addition, when combined with RXRa, neither TRb (lanes 7-11) nor LXRa (data not shown) interacted efficiently with the DNA. In contrast, incubation of FXR and RXRa proteins with the radiolabeled probe resulted in a strong shifted band (lane 3). The binding was effectively competed off by 50-fold excess cold wild-type competitor DNA (lane 4) but not by cold competitor DNA containing minimal mutations in either half of the putative IR-1 (lanes 5, 6) . Thus, the rat FAS IR-1 specifically binds FXR/RXRa and not TRb/ RXRa or LXRa/RXRa.
Because the human FAS promoter diverges by one base from the rat promoter in the region of the putative IR-1 sequence, we investigated whether the site from the human FAS promoter could also bind the FXR/RXRa heterodimer (Fig. 1C) . The FXR/RXRa heterodimer bound to the human FAS element (lane 9) at a level comparable to that seen with the rat sequence (lane 3). In addition, competition of FXR/RXRa binding to the rat FAS IR-1 element by 50-fold excess cold competitor DNA containing the human FAS sequence was equivalent to that seen with competitor DNA containing the rat FAS sequence (lanes 4, 5).
To determine whether FXR/RXRa could activate FAS through the IR-1 site, we transfected HEK293T cells with expression vectors for FXR and RXRa and measured the activation of a FAS promoter construct containing the IR-1 (Fig. 2) . We chose HEK293T cells because they do not show significant endogenous LRH-1 activity (K. E. Matsukuma et al., unpublished data). This is important because the LRH-1 binding site overlaps the FXR binding site in the FAS promoter, thus complicating a straightforward study of promoter activation by FXR. Cell lines derived from hepatocytes would be expected to express significant amounts of endogenous LRH-1 and therefore would not be appropriate model systems. When the synthetic FXR agonist GW4064 was added along with 10, 30, or 100 ng of the FXR expression vector, FAS activation increased significantly in a dose-dependent manner, and addition of the RXRa expression vector amplified this effect. In contrast, a point mutation in the putative IR-1 (FAS IR-1 59) extinguished the positive FXR response.
Because the DR-4 that is required for the LXR activation of FAS is in close proximity to the IR-1 and because half of the IR-1 is an LRH-1 binding site essential for signaling through LXR, we analyzed the potential role of the DR-4 in FXR signaling (Fig. 3) . In contrast to LXR activation of FAS, mutations in the DR-4 had little impact on activation by FXR. However, point mutations in either of the half-sites of the IR-1 significantly reduced the FXR response. Thus, FXR-dependent activation of FAS is specifically mediated through the IR-1 element.
In other studies, we have shown that LXR activation of FAS is inhibited by SHP (K. E. Matsukuma et al., unpublished data); therefore, we investigated whether FXR activation of FAS was also affected by SHP expression in a cotransfection assay. Unlike LXR activation, however, FXR activation of FAS is independent of SHP expression (Fig. 4) . It should be noted that in companion dishes from this same experiment, SHP addition did inhibit LXR activation of FAS (data not shown).
To determine whether other LRH-1 activated genes might also contain dual-function binding elements for LRH-1 and FXR/RXR, we tested the effect of FXR activation on SREBP-1c and CYP8B1, two other genes known to be activated by LRH-1 overexpression (22, 34) (Fig. 5) . In addition, the effect of FXR activation was tested on the promoter for acetyl-CoA carboxylase, a lipogenic gene closely linked to FAS in the pathway of basic fatty acid biosynthesis (that has not been investigated for LRH-1 dependence). In this experiment, FAS was the lone promoter stimulated efficiently by FXR. Thus, FXR activation is neither a common feature of all LRH-1 gene targets nor a property shared by all lipogenic genes.
To determine whether bile acid-dependent FAS activation could be recapitulated in an animal model, we fed C57/BL6 wild-type mice either a normal chow diet or a normal chow diet supplemented with 0.25% CDCA, a bile acid and potent activator of FXR, for 6 days and compared FXR regulation of fatty acid synthase genehepatic FAS gene expression (Fig. 6A, B) . FAS mRNA increased z2-fold in livers of animals fed the 0.25% CDCA diet with respect to the control fed animals. In this same experiment, the expression of SHP, a known FXR target gene, increased by z3-fold. Thus, bile acids induce FAS expression in vivo, and induction of FAS occurs at a level comparable to that of other FXR target genes. Unfortunately, feeding bile acids to FXR-deficient mice is highly toxic, and the animals become cachetic and begin to die after a few days of bile acid feeding (38) . Thus, a knockout mouse model was not available for further verification of the role of FXR in FAS activation.
Because the bile acid feeding study by itself did not provide direct evidence for FXR regulation of FAS expression in animals, we performed chromatin immunoprecipitation studies on livers of wild-type mice expressing endogenous levels of FXR to determine whether FXR is directly associated with the endogenous FAS promoter. Chromatin was analyzed for FXR binding to the FAS promoter using an antibody to FXR and PCR primers specific for the relevant region of the FAS promoter or a genomic region from the mouse YY1 gene as a negative control (Fig. 7) . The FAS promoter DNA was enriched .100-fold relative to an equivalent sample in which a control IgG fraction was used. In addition, FXR binding to the negative control YY1 locus was negligible (Fig. 7) . Thus, endogenous FXR is specifically recruited to the native FAS promoter.
DISCUSSION
Although FXR was originally identified as a key regulator of cholesterol and bile acid homeostasis (38) , it is now understood to also play an important role in fatty acid metabolism. The first evidence that bile acids might be involved in fatty acid metabolism derived from the incidental observation .20 years ago that administration of bile acids decreased serum triglycerides in patients with gallstone disease (19) (20) (21) ). An FXR-dependent mechanism for this effect was proposed by Watanabe et al. (22) , who observed that SREBP-1c levels decreased z50% but SHP levels increased by 300% after 1 day of treatment of wildtype or prediabetic (KK-A y ) mice with 0.5% cholic acid. In in vitro experiments, these authors demonstrated that LXR activation of the SREBP-1c promoter was significantly inhibited by the expression of SHP or the addition of bile acids. However, in this same study, levels of several key lipogenic targets of SREBP-1c did not correlate with SREBP-1c levels when the feeding study was extended to 7 days. In particular, FAS mRNA decreased by z50% after 1 day of cholic acid feeding but returned to control levels at 1 week, despite ongoing SREBP-1c repression and continued SHP elevation. Thus, only the transient inhibitory effect of bile acids is consistent with SHP inhibition of SREBP-1c-dependent lipogenesis, so additional mechanisms for the bile acid regulation of lipogenesis under more long-term bile acid-feeding conditions must exist. Therefore, we designed our feeding study to reflect this more "chronic" increase of bile acids.
In this study, we identified an IR-1 element in the FAS promoter that mediates the bile acid activation of the FAS gene. Although neither FAS nor other lipogenic gene targets have been identified as a result of FXR microarray experiments, analysis of these microarray data sets reveals that whereas some well-established FXR target genes (such as SHP) are activated by the synthetic ligand GW4064, they are not significantly activated by CDCA, or vice versa (39, 40) . Other studies have reported opposing effects of a single FXR ligand on different known FXR target genes (41) and differential patterns for the recruitment of coactivators by the various endogenous bile acid agonists (42) . These findings suggest that an exhaustive list of FXR gene targets may not be achieved simply by use of broad microarray analyses. Physiologically speaking, it seems likely that the discrepancies in FXR target gene activation observed in these experiments underlie complex regulatory mechanisms in which the specific ligand and the unique architecture of the nuclear receptor response regions in each promoter influence the final gene output response.
Demonstration of a direct activating role for FXR on the FAS promoter was unexpected given the wellestablished triglyceride-lowering effect of bile acids. However, an important role for fatty acid synthesis may be revealed when cholesterol levels are chronically increased. High cellular cholesterol levels increase oxysterols and therefore LXR signaling, leading to the upregulation of fatty acid synthase (30) . Increased fatty acid production facilitates cholesterol storage by increasing the availability of the cosubstrate for cholesterol esterification. In the rodent, increased LXR activity resulting from the presence of oxysterols also results in the upregulation of CYP7A1 and the conversion of the excess cholesterol to bile acids (14, 15) . If this process is allowed to continue, however, bile acids eventually accumulate to levels that activate the endogenous bile acid receptor FXR and result in the activation of FXR target genes such as SHP (10, 11) . Because SHP negatively regulates both CYP7A1 (11) and FAS (22) (K. E. Matsukuma et al., unpublished data), activation of SHP would both limit the flow of cholesterol into the bile acid synthetic pathway and simultaneously decrease fatty acid synthesis, resulting in a shift in the balance of cholesterol and fatty acids to a state of cholesterol excess. This would limit the ability of the liver to store excess cholesterol as cholesteryl ester and result in cholesterol toxicity (43) . The direct mechanism for the bile acid activation of FAS presented in this study provides a plausible means by which FAS may circumvent SHP inhibition to maintain an adequate fatty acid pool for cholesterol esterification when both cholesterol and bile acid levels are chronically high.
Finally, it is interesting that the FXR/RXR binding site in the FAS promoter overlaps an LRH-1 binding site that is required for efficient LXR activation (K. E. Matsukuma et al., unpublished data). Although the significance of this binding site arrangement is not known, overlapping nuclear receptor binding sites have been found in many other promoters, including CYP7A1, CYP8B1, and apolipoprotein C-III (12, 44, 45) . In the promoters of CYP7A1 and CYP8B1, binding sites for the nuclear receptors HNF4a and FTF overlap. Using the technique of chromatin immunoprecipitation, investigators found that in the absence of bile acids, HNF4a preferentially bound to the overlapping site in the CYP7A1 promoter. In the presence of bile acids, however, only FTF bound this site. Given that each nuclear receptor has a unique transcriptional activation potential, the differential binding of these two nuclear receptors may function to ensure that the precise amount of gene product accumulates for optimal physiologic responses. In this way, overlapping binding sites may be an effective mechanism by which dynamic physiologic responses are achieved.
